Introduction
The past decade witnessed a series of financial and economic crises affecting both developed and developing economies. In the midst of crisis turbulence, financial analysts and market participants fretted that spillovers into other economies might amplify volatility in world financial markets.
1 Yet, even today, there is no consensus about what contagion effects to expect in a particular crisis -experience suggests each differs in scope and quality.
The financial meltdown of the Turkish stock market in 2001, for example, appears to have been fully self-contained (Desai, 2003) , while the Mexican and Asian crises had regional repercussions (Glick and Rose, 1999) . In contrast, Russia's 1998 financial crisis increased volatility in global securities markets with surprisingly severe and widespread contagion effects (Bank for International Settlements, 1999) .
Indeed, the rapidity and extent of transmission of the Russian crisis continues to beg explanation. Within weeks of its onset, the crisis nearly took down a major US hedge fund, Long-Term Capital Management (Masson, 2001) . The ruble's massive devaluation followed by sovereign debt default boosted emerging market risk and suppressed commodity exports from emerging markets to Russia. Markets in Central Asia and Eastern Europe were hit particularly hard (Dungey et al., 2006) . Shocks were even observed in countries that had little direct contact with Russia. 2 Baig and Goldfajn (2001) , for example, contend the Russian crisis precipitated the Brazilian crisis.
A number of studies deal with stock market linkage across countries, but the bulk of research considers the return and volatility linkage of developed markets. For instance, Hamao et al. (1990) , Lin et al. (1994) , Susmel and Engle (1994) , Karolyi (1995) and Theodossiou and Lee (1993) investigate the linkage of the US, UK, Canadian, German and Japanese markets. These studies all confirm strong linkage, which is generally taken as a sign of extensive market integration.
There is also smaller group of papers that explores the linkage of regional emerging markets. Worthington et al. (2001) look at price linkage in Asian emerging markets, Kasch-Haroutounian and Price (2001) tackle Central European emerging markets, Sola et al. (2002) analyse volatility links between the stock markets of Thailand, South Korea and Brazil, and, most recently, Li and Majerowska (2007) study the linkage of emerging markets in Eastern Europe.
Finally, there are a few papers that consider the interrelationship between developed and emerging markets by benchmarking emerging markets such as the Pacific-Basin markets, East Asian markets, Latin American financial markets and Eastern Europe against developed markets in the US, Western Europe and Japan. Notable studies include Liu and Pan (1997) , Liu et al. (1998) , Cheung et al. (2002) and Walti (2003) . Surprisingly, the Russian financial market garners less attention than might be expected, given its diverse nature and investor potential.
When it comes to examination of the contagion effects of financial crises, the Asian crisis clearly receives the lion's share of attention (e.g. Sander and Kleimeier, 2003; Jackson, 1999; Rakshit, 2002; Park and Song, 2001) . There is also a sizeable body of research on Latin American financial crashes (e.g. Rojas-Suarez and Weisbrod, 1995; Bazdresch and Werner, 2001; Cardoso and Hedwege, 2001; Corbacho et al., 2003) . In contrast, little empirical investigation of the contagion effects of the Russian financial crisis has been performed.
Empirical studies mentioning the Russian crisis include Brüggemann and Linne (1999) , Bussiere and Mulder (1999) , Caramazza et al. (2000) , Cartapanis et al. (1999 ), Feridun (2004 , Gelos and Sahay (2001) , and Baig and Goldfajn (2001) . There is little consensus among these investigators as to the contagion effects of Russian turmoil. Gelos and Sahay (2001) , for example, find no evidence of contagion. Forbes (2000) , using firm-level information, sees evidence of contagion only after the Russian crisis. Dungey et al. (2006 Dungey et al. ( , 2007 consider the fallout from the Russian and Long-Term Capital Management crises of 1998 in international bond markets and global equity markets, and, using a multi-regime factor model of equity and bond markets, identify contagion from Russia to both emerging and developed countries.
Our focus here is strictly limited to the 1998 Russian financial crisis. We estimate a bivariate GARCH model, for which a BEKK representation is adopted. While this approach has been widely used in the study of international linkage of multiple markets and interdependence of markets during crisis episodes, a GARCH-BEKK analysis has not, to the best of our knowledge, been applied specifically to the 1998 Russian crisis as we propose. We address two issues. First, we look at the international linkage of the Russian equity market. Second, we examine international transmission of the 1998 Russian financial crisis. Four pair-wise models are estimated for Russia with the USA, the European Union, Emerging Europe and Asia on the basis of daily total return indices. We find evidence of direct linkage for both returns and volatility between the Russian equity market and the other markets. This linkage is fairly weak, however, indicating only partial integration of the Russian market into the world market. This finding is in line with the conclusions of Saleem and Vaihekoski (2007) . Three subsets of the Russian financial crisis are examined:
the pre-crisis period (1994) (1995) (1996) (1997) (1998) , the crisis period (Aug. 1998 -Dec. 1998 ) and the postcrisis period (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) The paper is laid out as follows. Section 2 describes the bivariate GARCH model used to study the return and volatility spillovers among stock markets. The study data are given in section 3. Section 4 is a discussion of the empirical results, and section 5 concludes.
Model specification
The Autogressive Conditional Heteroscedasticity (ARCH) process proposed by Engle (1982) and the generalised ARCH (GARCH) by Bollerslev (1986) Engle and Kroner (1995) . Using quadratic forms to ensure positive definiteness, the BEKK model complies with the hypothesis of constant correlation and permits for volatility spillover across markets. There is a trade-off, however, between generality and increasing computational difficulty with higher dimensional systems.
We start our empirical specification with a bivariate GARCH model that accommodates each market's returns and the returns of other markets lagged one period. (1)
where r t is an n×1 vector of daily returns at time t for each market. The n×1 vector of random errors μ t represents the innovation for each market at time t with its corresponding n×n conditional variance-covariance matrix H t . The market information available at time t-1 is represented by the information set Ω t-1 . The n×1 vector, α, represents long-term drift coefficients. The own market mean spillovers and cross-market mean spillovers are measured by the estimates of matrix β elements. This multivariate structure thus facilitates the measurement of the effects of innovations in the mean stock returns of one series on its own lagged returns and those of the lagged returns of other markets.
Given the above expression, and following Engle and Kroner (1995) , the conditional covariance matrix can be stated as:
where the parameter matrices for the variance equation are defined as C 0 , which is restricted to be lower triangular and two unrestricted matrices A 11 and G 11 . Thus, the second moment can be represented by:
The equation (4) for H t , further expanded by matrix multiplication, takes the following form: 
To test for a causality effect from the first market to the second market, a 12 and g 12 are set to zero. The variance and covariance equations take the form: Similarly, a 21 and g 21 are set equal to zero to test for a causality effect from the second market to the first. The maximum likelihood estimations are optimised with the Berndt, Hall, Hall and Hausman (BHHH) algorithm. 4 From equations (5) to (10), we obtain the conditional log likelihood function L(θ) for a sample of T observations:
where, θ denotes the vector of all the unknown parameters. Numerical maximisation of equation (11) and (12) yields the maximum likelihood estimates with asymptotic standard errors.
Finally, to test the null hypothesis that the model is correctly specified, or equivalently, that the noise terms, μ t , are random, the Ljung-Box Q statistic is used. It is assumed to be asymptotically distributed as χ2 with (p -k) degrees of freedom, where k is the number of explanatory variables. We use daily data here to get meaningful statistical generalisations and obtain a better picture of the movements of market return. A potential limitation on the usability of daily data, of course, could be trading hour differences in different markets. Our previous research dealing with international daily data suggests, however, that trading-hour differences present a fairly minor problem, especially since we here use the value-weighted indices for different regions (see Caporale et al, 2006) . Daily effects are incorporated as we take the closing prices for each index.
To analyse for contagion effects, we divide our dataset into three periods: pre-crisis (Jan. 1995 -Jul. 1998 ), crisis (Aug. 1998 -Dec. 1998 ) and post-crisis (Jan. 1999 -Jun. 2007 ).
Daily returns are constructed as the first difference of logarithmic prices multiplied by 100. Figure 1 clearly exhibits non-stationarity.
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The first two moments of the data, i.e., mean and standard deviation, are multiplied by 240 and the square root of 240 to show them in annual terms. As one would anticipate, both Russia and Emerging Europe have higher returns than the developed regions (USA and EMU). Of course, the high returns are associated with high risk (standard deviations).
Asia offers the lowest returns (3.632) during the period under investigation, and has a relatively high standard deviation (17.575).
A shift in returns from high to low is found in the case of developed markets; an opposite shift is detected for emerging markets in the analysis of the pre-and post-crisis periods. The crisis period appears to be an extraordinary period for all markets, with high negative returns for the Russian (-165.187) and Emerging Europe (-91.972) markets. All the return series are, without exception, highly leptokurtic and exhibit strong skewness, mostly to the left. This suggests the presence of asymmetry towards negative values. To check the null hypothesis of normal distribution, we calculate the Jarque-Bera test statistic (p-values reported) and reject the null of normality in all cases.
Because we are using a GARCH process to model variance in asset returns, we also test for the presence of the ARCH effect. Figure 2 also exhibits volatility clustering, i.e. large changes tend to be followed by large changes of either sign and small changes tend to be followed by small changes in all cases. With this in mind, we proceed to application of ARCH-type processes. We next examine the estimated results of the time-varying variance-covariance.
The matrices A and G reported in Table 2 present this relationship in terms of volatility as stated in Eq. (4). The diagonal elements in matrix A capture the own ARCH effect, while the diagonal elements in matrix G measure the own GARCH effect. From Table 2 These results provide convincing evidence of the Russian market's integration with the rest of the world, particularly the sample set used in this study. However, the degree of integration is rather weak as the magnitude of estimated coefficients is quite low. Arguably, Russia is more strongly linked with rest of the world in terms of volatility. 
Effects of the 1998 Russian financial crisis
We We now consider the contagion effects of the 1998 Russian financial crisis and the volatility transmission from Russia to the rest of the world before and after the crisis. For this purpose, we split our data into three subsets: pre-crisis, crisis and post-crisis. Again utilising the BEKK framework, we estimate four pair-wise models as explained above. Jan. 1995 -Jul. 1998 To present the pre-crisis analysis in the same fashion as above, we start with the mean equation of the system. The results reported in Table 3 show that only Russian returns depend on their first lags, while other markets do not always depend on their first lags. A very strong connection of cross market effects is found for all cases during the pre-crisis period. Next, we document the shocks and volatility spillovers represented by vector a ij and g ij . Volatility shocks both from the developed and emerging regions (USA, EU and Emerging Europe) has a significant effect on the Russian market as does news from the Russian market on the USA and Emerging Europe markets. No links can be identified for the stock markets of Russia and Asia.
Pre-crisis period (
With regards to volatility spillovers, the Russian market is found to be better integrated with the USA and Emerging Europe than Asia or the EU. The pair-wise estimates reveal bidirectional links between Russia, the USA and Emerging Europe. This is in line with the heavy dependence of Eastern Europe on Russia before the crisis and the expansion of bilateral trade with the USA in the mid-1990s. On the other hand, the volatility spillovers are unidirectional for Russia-EU and Russia-Asia. Thus, news from the EU or Asia has a direct influence on Russian market, while news from Russia does not affect the EU or Asian markets similarly. A possible explanation here is the prominent trade ties of Rus-sia and certain Asian countries (e.g. India), as well as Russia and certain European countries (e.g. Finland, Germany, and the Netherlands) during the period under investigation.
Finally, the estimated diagonal parameters, a 11 , a 22 and g 11 , g 22 are all statistically significant, indicating a strong GARCH(1,1) process driving the conditional variances of the four pair-wise indices. The diagonal elements in matrix C represent the mean equation, while matrix A captures own and cross-market ARCH effects. The diagonal elements in matrix G measure own and cross-market GARCH effects. LB and LB2 presents the Ljung-Box Q-statistic for standardized and standardized squared residuals. (*) denotes the significance level at 5%. Jul. 1998 -Dec. 1998 There is a strong consensus in the existing literature that correlations among markets and countries show an increasing trend during a crisis period. To analyse this phenomenon, we run our model during the crisis period. The results reported in Table 4 confirm earlier findings. The dynamics of shock transformation from Russia are found in all regions except the EU, while volatility spillovers from Russian market spread all over the world significantly.
Russia
The transformation is unidirectional from Russia to the USA, Emerging Europe and the EU, while it is bidirectional for Asia.
All the estimated diagonal parameters (a 11 , a 22 and g 11 , g 22 ) reveal that own past volatilities drive the direction for all regions. In the mean equation, only Russian returns always depend on their first lags; the other markets do not consistently depend on their first lags. Significant cross-market interdependence is found for the pairs of Russia-USA and Russia-Emerging Europe. Finally, we examine the post-crisis period to assess the repercussions of the 1998 Russian financial crisis. We pay special attention to the transmission of shocks and volatility and the degree of integration Russian market has achieved in light of the Russian government's massive correction plans.
Our estimated model for the post-crisis period shows the linkage of Russian market increased for the USA and Asia, where we found two-way volatility spillovers. Russian policies also appear to influence Emerging Europe, although the link between Russia and Emerging Europe weakens after the crisis (these markets seem to have stronger connections to the EU than Russia). Interestingly, the importance of the relationship with the EU declines after the crisis from its previous status.
The mean return effects caused by Russian market are most prominent in Asia and Emerging Europe, but the transmission of US market shocks to the Russian market is also evident. All regions exhibit clear patterns of dependence on their own shocks and volatility effects. The mean equation shows that the returns of all markets, except US, depend on their own returns as well and a significant cross market linkage in terms of returns is also found in all markets, except USA. 
Diagnostic tests
Panel B of Table 2 , 3, 4 and 5 presents the Ljung-Box Q-statistic used to test the null hypothesis that the model is correctly specified, or equivalently, that the noise terms are random. We report both standardised and standardised squared residuals up to lag 24 for each modelled pair. Results show no series dependence in the squared standardised residuals, indicating the appropriateness of the GARCH-BEKK model.
Summary and conclusions
This paper examined the international linkage of Russian equity market and the international transmission of the 1998 Russian financial crisis. Using a bivariate GARCH-BEKK model proposed by Engle and Kroner (1995) , we estimated four pair-wise models (Russia-USA, Russia-European Union, Russia-Emerging Europe and Russia-Asia) based on daily total return indices. While there was evidence of direct linkage between Russian equity market with the other markets, both in regards to returns and volatility, the linkage was weak, indicating that the Russian market was only partially integrated into the world market. We then analysed the contagion effect of 1998 Russian financial crisis according to three subsets: pre-crisis (1994) (1995) (1996) (1997) (1998) , crisis (Aug. 1998 -Dec. 1998 ) and post-crisis (1999 . Volatility spillovers were found in all cases, although the dynamics of the conditional volatilities differed. The USA and Emerging Europe exhibited bidirectional linkages, while the European Union and Asia display unidirectional linkages in the pre-crisis sample. The post-crisis period showed a bidirectional connection with the USA and Asia, and unidirectional ties with Emerging Europe. Surprisingly, no statistically significant relations were found between Russian equity market and the equity markets of the European Union in the post-crisis sample. Finally, highly significant, but negative, shocks and volatility spillovers were observed from Russia to the other markets during the crisis period -clear evidence of crisis contagion.
Thus, within the context of the Russian financial crisis, our results give useful insights to those involved in minimising or managing financial risk exposures. Likewise, international transmission of stock market volatility can profoundly influence corporate capital budgeting decisions, investor consumption decisions and other business cycle variables.
Finally, the weak integration of the Russian market offers good opportunities to the international investors to diversify their portfolios.
This study can be extended in several directions. A natural extension of our bivariate analysis would be to estimate a k-variate model and examine volatility spillovers among all markets. There are also rich opportunities to apply recent techniques such as 
